ABSTRACT: A technique for preparing vermiculites for examination by high-resolution transmission electron microscopy (HRTEM) has been developed. A TEM-stable expanded phase can be obtained by intercalating n-alkylammonium ions between the silicate layers of a parent biotite. The vermiculite particles were embedded in Spurr resin and centrifuged to improve orientation. Ultra-thin specimens were prepared using an ultramicrotome, the quality and thickness of the sections being monitored by TEM. Lattice images of biotite, Ba-vermiculite and octylammonium-vermiculite, the latter showing a perpendicular arrangement of the alkyl chains relative to the silicate layers, were obtained with a resolution ~2 A. The reliability of these images was confirmed by computer simulation.
High-resolution transmission electron microscopy is a powerful tool for investigating structural defects and deformations in layer-silicates (Brown & Rich, 1968; Lee et al., 1975; Amouric et al., 1981; Vali & K6ster, 1986) . Whereas X-ray or neutron diffraction can characterize the overall structure without providing any information about the spatial distribution of structural inhomogeneities, HRTEM permits direct observation of microstructural features such as regular or random interstratification formed during the transformation of mica to vermiculite, or the arrangement of single silicate layers at the micavermiculite interface.
A highly developed preparation technique is required to observe the details of layered structures necessitating the preparation of very thin specimens with basal planes oriented parallel to the electron beam. On the other hand, the stability of thin specimens is reduced further if layer-silicates are intercalated with either hydrated cations or organic molecules.
In the course of a study on the mechanisms of mica-vermiculite transformation, an attempt was made to improve the preparation of highly charged alkylammonium-saturated layersilicates for inspection of the layer arrangement at the mica-vermiculite interface with HRTEM. The results of this investigation are presented in this report.
MATERIALS AND METHODS

Production of alkylammonium-vermiculites
A biotite from Miask (Ural) was wet ground and separated into the particle size fractions 0.5-2, 2-5, 5-20 and 20-50 #m by sedimentation.
As complete exchange of interlayer K from biotite by alkylammonium cations requires several months of reaction time (Weiss et al., 1956) , alkylammonium-vermiculites were prepared in a two-step exchange procedure.
Biotite can easily be transformed by exchanging the interlayer K with Ba, but the basal spacings of vermiculite saturated with hydrated metal cations are unstable under the p,Tconditions in the electron beam. Hence, expandable layer-silicates have been intercalated with alkylammonium ions in order to reduce their contractability during inspection by HRTEM (Vali & K6ster, 1986) . Accordingly, samples of Ba-vermiculite obtained by exchange of interlayer K from biotite were treated with solutions of octyl (C8)-ammoniumformiate (0.5 y), decyl(C10)-ammoniumformiate (0.1 N), dodecyl(C12)-ammoniumformiate (0.1 N) and hexadecyl(C 16)-ammoniumformiate (0.05 N), respectively, following the method of Lagaly (1982) . n-alkylammoniumformiates were used instead of chlorides due to their higher stability against oxidation during storage.
After several treatments with these solutions in a batch-type exchange, the minerals were washed and dried under vacuum (10 mbar) for 1 week. In highly-charged vermiculites, this treatment produces an ordered paraffin-like arrangement of the alkylammonium chains which are almost perpendicular to the basal planes (Beneke & Lagaly, 1982) .
Ultramicrotomy
Ultra-thin sections of vermiculites embedded in resin were obtained with the ultramicrotome Ultracut E (Reichert & Jung) equipped with a diamond knife (Diatome). The thickness of the sections in a sequence of cuttings was determined by adjusting the mechanical propulsion of the knife against the sample holder. Thin sections floating on the water in the trough were retrieved on carbon-coated copper grids (200 mesh).
Transmission electron microscopy
Transmission electron microscopy observations on thin sections of biotite and vermiculites saturated with Ba or n-alkylammonium ions were made using a Hitachi H 800 instrument, equipped with a top entry mechanism and a fixed specimen stage. All micrographs were taken in bright field illumination using an accelerating voltage of 200 kV at an initial magnification of 200,000 to 300,000. The exposure time chosen was 5 to 10 s for biotite, and 60 to 90 s for alkylammonium-vermiculites due to the lower specimen current used for these minerals.
Computer simulation of HRTEM images
The phase contrast of a lattice image taken in the Scherzer focus depends on the structure of the specimen as well as on instrumental conditions. Thus, reliable interpretation is only possible by comparing the image obtained with a corresponding computer simulation.
A computer simulation program by S. H. Rahman (Mineralogisches Institut der Universit/it Hannover, FRG) was used, which consists of a multislice procedure of dynamic diffraction calculation, and is based on the model of Cowley & Moodie (1957) .
Structural data of biotite were taken from Takeda & Ross (1975) . The silicate layer was assumed not to change its structure during the biotite-vermiculite transformation. The atomic positions within the octylammonium ion were calculated by using the program SINDO 1 (Nanda & Jug, 1980) , assuming that the structure of the chains between the silicate layers is the same as in solution. In order to simplify the calculation, the alkylammonium chains were considered to be perpendicular to the basal plains, with the N atom filling the position of the original interlayer K.
Variation of focus, crystal thickness and crystal orientation yielded a series of simulated images which could be compared with the lattice image obtained by HRTEM.
RESULTS AND DISCUSSION
Embedding techniques
The suitability of a number of resins for use as embedding material has been tested. These resins are listed in Table 1 together with some of their most important characteristics.
Low viscosity is a necessary precondition for attaining complete envelopment, preventing the formation of gas vesicles and achieving parallel orientation of mineral particles during sedimentation in the uncured resin. Adhesion at the resin-mineral interface prevents the mineral from being pulled out of the resin block during cutting with the microtome. Intense shrinkage during hardening of the resin may cause artefacts in the embedded minerals, and optimal conditions for ultramicrotomy are obtained when there is a minimal difference in hardness between the embedding minerals and the cured resin. As can be seen from Table 1 , the Spurr resin (Spurr, 1969) is the one complying the best by far with these demands, and consequently it has been used exclusively in the experiments. Intercalation of the components or the Spurt resin between the layers, as described by Vali & K6ster (1986) for low-charge silicates, could not be detected in high-charge vermiculite.
Different methods of preparing resin blocks containing parallel oriented layer-silicates, such as the multiple embedding technique of Eberhart & Triki (1972) and the sandwich technique of Brown & Rich (1968) and Lee et al. (1975) have been tested. The following modification of the preparation described by Vali & K6ster (1986) proved to be the most convenient method.
10 mg of air-dried minerals were mixed with 1 g Spurr resin (obtained by mixing 10 g resin, 4 g plasticizer, 26 g hardener, 0.4 g accelerator) in a test tube. The tube was closed with a cork stopper, treated for 30 min in an ultrasonic bath at 65~ to produce a homogeneous suspension, and then left open in a vacuum desiccator (10 mbar) containing P205 overnight because some of the components in the resin are hygroscopic. After centrifuging, the supernatant resin was decanted and 1 g fresh resin added before another ultrasonic treatment was carried out. The exchange of the resin results in an additional purification from polluting agents in the minerals, such as water, ethanol or excess alkylammonium. After centrifuging and decanting again, the sediment was evacuated for 4 h in a desiccator with P205 . Then 0.6 g of resin were added, the mixture treated with ultrasound at 65~ and the suspension 
Ultramicrotomy
A crucial stage in obtaining ultra-thin sections is the trimming of the resin block. A pyramid was shaped by using freshly broken glass knives, and for each of the last 100 cuts on every side of the pyramid, the knife was driven forward by only 0.1 #m. The smooth surfaces thus obtained prevent water films from being formed between the knife and the sample during ultracutting with the diamond knife in a water trough.
The trimmed resin blocks were fixed in the microtome as shown in Fig. 1 and cut with a diamond knife. Vali & K6ster (1986) preferred a perpendicular orientation of the mineral layer relative to the knife edge. However, as demonstrated in Fig. 2 , a non-parallel orientation causes severe jolting and distortion of the silicate layers.
Using the method described, sections down to 150 A thick have been obtained from samples with a particle size < 2/~m. From minerals with a diameter > 20 #m, undisturbed specimens can hardly ever be obtained even if sections are made more than 500 A thick. The quality and the thickness of the sections were controlled by inspecting tilted and exfoliated specimens by TEM (Fig. 3) . The forward motion of the knife as regulated at the ultramicrotome during cutting was found to be in good agreement with the thickness of the sections.
Electron microscopy
The mineral sections were examined by electron diffraction for phase identification, orientation, and determination of layer spacings, and crystals with a distinct diffraction pattern were chosen in order to obtain high-resolution lattice images.
In sections ~200 A thick, biotites and dehydrated Ba-vermiculites produced clear diffraction patterns, and in the HRTEM lattice, the structure of these minerals was resolved down to the size of the tetrahedra and octahedra. The simulated structure of the (100)-projection agreed well with the micrograph obtained from the biotite (Fig. 3) . As they were dehydrated under vacuum in the electron beam, Ba-vermiculites exhibit the same layer spacings as biotite, thereby rendering a distinction between these two structures in the micrograph impossible.
The investigation of alkylammonium-vermiculites requires some modification of the technique. Because of the thermal instability of these minerals their structure collapses during the long observation time which is needed for focal series, if the thickness of the sections is < 1000 A. On the other hand, a crystal thickness <200 A is necessary for an appropriate interpretation of lattice images. As a compromise between these contradictory requirements, 1000 A thick sections were prepared in which minerals which were sufficiently thin at their wedge-shaped edges were selected for close examination. As the sections are densely covered with well-oriented crystals, a sufficient number of suitable objects can usually be found on a grid containing 50 or more thin sections. Due to the comparatively low structural order of alkylammonium-vermiculites, distinct electron diffraction patterns could rarely be obtained. Thus, for the precise determination of layer spacings, muscovite of the same particle size was added to the vermiculite sample. The layer distances in the lattice images of the micrograph could then be related to that of the standard muscovite (10.0 A). The results obtained by this method agreed closely with those determined by X-ray diffraction (XRD) on alkylammonium-vermiculites (Table 2) .
In order to characterize the thermal stability of vermiculites saturated with alkylammonium ions of different chain lengths, basal spacings were determined by XRD after stepwise heating from 20 to 300~ The results are shown in Fig. 5 . The paraffin-type arrangement of the alkylammonium chains is disrupted between 100 and 150~ As layer spacings found in electron micrographs agree closely with those determined at room temperature by XRD, it can be concluded that the thermal strain imposed on the vermiculite within the 1000/k thick sections under the conditions in the electron beam can be kept below the limit at which there is disturbance of the alkylammonium ions in the interlayers. In spite of the limitations caused by the low stability of the minerals, high-resolution lattice images of octylammonium-vermiculite could be obtained (Fig. 6 ). In the wedge- shaped edge of the particle, alkyl chains with a paraffin-type orientation and an average distance of 4.5 A between the chains can be observed. The layer spacings measured are 19.8/k relative to the added standard muscovite. The computer simulation based on the simplified assumptions mentioned above supports the interpretation that direct imaging of alkylammonium chains in the interlayers of vermiculite has been achieved. A carefu ! inspection of the micrograph shows a displacement of octylammonium chains from layer to layer of about half of the chain distance (4.5/2 A). More observations are required for a comprehensive explanation of these structural features. 
